combination of forced and multiple cooperative structuredirections in the charge density mismatch synthesis of zeolites.
Zeolites and related microporous solids, with crystallographically well-defined channels and cavities of molecular dimensions, are not only extending their commercial uses as catalysts and 15 separation media, but also finding new applications, for instance, as insulators in microelectronics. 1 Hence, the synthesis of zeolites with novel framework structures and/or compositions has been a matter of considerable technological interest, as well as of scientific relevance. ZSM-18 (IZA code MEI) is unusual in that it is the first zeolite containing 3-rings. 3 A rigid aromatic triquaternary cation 2, 3,4,5, 6,7,8,9-octahydro-2,2,5,5,8,8-hexamethyl-1H-benzo [1,2-c:3,4-c´: 5,6 -c´´]tripyrrolium (Fig. S1 , ESI †) is the organic additive initially used to crystallize this one-dimensional large-pore 25 zeolite in the presence of Na + . Because there is a large geometric correspondence between the ZSM-18 cage and the organic guest molecule, ZSM-18 synthesis has been rated as the sole case of true templating in zeolite synthesis. However, quite flexible aliphatic cations, i.e., tris(2-trimethylammonioethyl)amine and 30 triethanolmethylammonium, were subsequently found to direct the synthesis of ZSM-18 and its silicoaluminophosphate analog (ECR-40), respectively. 4 Moreover, a much simpler but still asymmetric monoquaternary cation choline has been successfully used to synthesize UZM-22, an MEI-type zeolite with a lower 35 Si/Al ratio (ca. 5 vs 7), via the so-called charge density mismatch (CDM) approach, in which Li + and Sr 2+ were introduced as crystallization structure-directing agents (SDAs). 5 We have recently investigated the CDM synthesis of zeolites using tetraethylammonium (TEA + ) and tetramethylammonium
40
(TMA + ), the two most studied symmetric organic SDAs, together with Na + , to better understand cooperation between multiple SDAs. 6 Here we report the synthesis of an MEI-type zeolite with an even lower Si/Al ratio of 3.4, at 5a,7,8 55 In a typical synthesis of PST-11 and PST-12, a clear aluminosilicate solution with the chemical composition 4.0TEAOH· 1.0TMACl·0.075LiCl·0.15Sr(NO3)2·0.5Al2O3·2.5SiO2·100H2O was charged into Teflon-lined 45-mL autoclaves and then heated under rotation (60 rpm) at 120 and 160 °C for 6 days, 60 respectively. The phase purity and crystallite size of both zeolites were found to be quite sensitive to the relative concentration of crystallization SDAs (i.e., TMA + , Li + and Sr 2+ ) in the synthesis mixture, as well as its Si/Al ratio. Further details on their synthesis from a CDM point of view will be given elsewhere. 65 While the powder X-ray diffraction (XRD) patterns of PST-11 and PST-12 prepared here agree well with those of UZM-22 and UZM-4, respectively, both of them, especially PST-12, are nanocrystalline in nature (Fig. 1) . The chemical composition data in Table 1 SDA TEA + is hardly incorporated in PST-11. As shown in Table   5 1, however, a non-negligible amount (1.0 molecule per unit cell) of TEA + is present in PST-12, which can be further evidenced by 13 C MAS NMR spectroscopy (Fig. 2) . We also note that the Si/Al ratio (2.6) of PST-12 is fairly higher than that (1.8) structural resemblance between them, therefore, the latter zeolite is less stable than the former one, probably due to the existence of highly strained 3-rings in PST-11. In fact, the lattice energy minimization calculations using the program GULP 9 reveal that the lattice energy per SiO2 is higher by ca. 160 kJ mol -1 for the 30 MEI structure than for the BPH one. Fig. 3 shows the powder XRD patterns of a series of solid products obtained as a function of crystallization time during solid yields (○) for the solid products obtained after PST-11 synthesis at 120 °C for different times. X-ray reflections from sodalite are indicated by closed circles (•), and its relative crystallinities are given by closed triangles (▲). Details on the determination of relative crystallinities of PST-11 and sodalite in 40 each product can be found in ESI. † PST-11 synthesis under rotation (60 rpm) at 120 °C. A broad Xray peak around 2θ = 7.7° assignable to the (100) reflection of the MEI structure is detectable in the XRD pattern of the solid isolated after 1 day of heating, and crystallization was almost 45 complete after 6 days. With prolonged heating, PST-11 was found to be unstable in the crystallization medium, because it becomes transformed into sodalite (SOD). An unexpected result is a small but non-negligible decrease in solid yield at crystallization times of 4-5 days. This cannot be rationalized 50 without suggesting that PST-11 may grow at the expense of another phase formed at the early period (<4 days) of the crystallization. We also found that the TEA + /Al and Sr 2+ /Al ratios of solid products decreases notably when crystallization time is longer than 4 days, whereas the opposite holds for their TMA + /Al 55 and Si/Al ratios (Fig. S5 , ESI †). Since there are no noticeable changes in those ratios with prolonged crystallization time, therefore, it is clear that a phase change has occurred between 4 and 5 days. To more accurately identify the initially formed phase, the X-60 ray reflections of which are considerably broader than those of fully crystallized PST-11, we obtained the synchrotron powder diffraction pattern of the solid product separated after heating at 120 °C for 3 days. As shown in Fig. S6 (ESI †), this solid, the Si/Al ratio (2.2) of which is even lower than the ratio of PST-12, 65 is not highly crystalline. However, we were able to notice that the pattern is similar to that of the BPH-type zeolite. Although a small peak around 2θ = 6.6° corresponding to the (001) reflection of the BPH structure is not observable, 10 probably due to the very thin nature of its nanocrystallites perpendicular to the c-axis, the 70 positions and relative intensities of all the other reflections match well with those of the X-ray peaks from UZM-4. While the peak around 2θ = 24.2° assignable to the (113) or (212) reflection of the BPH structure, which is missing in the XRD pattern of the MEI structure, is clearly visible, in particular, there are also no 5 detectable peaks around 2θ = 11.2° due to the (002) reflection of the MEI structure. 10 Therefore, it can be concluded that PST-11 formation begins at the rapid expense of BPH-type zeolite nanocrystals of ca. 10 nm in length (Fig. S6, ESI †) . In fact, a quite similar result was previously reported in the choline-10 mediated synthesis of 5a although no clear evidence for the phase transformation was provided.
It is also remarkable that PST-12 can transform in situ into a MEI-type zeolite even at 160 °C, although the transformation rate is considerably slow compared with that at 120 °C (Fig. S7,   15 ESI †). The framework density (14.7), defined as the number of T-atoms per 1000 Å 3 , of PST-11 with MEI topology is slightly higher than that (14.2) of PST-12 with BPH topology, 10 implying that main driving force for the observed phase transformation is Ostwald ripening through a dissolution/recrystallization. On the 20 other hand, the phase selectivity change caused by elevating crystallization temperature from 120 to 160 °C cannot be attributed to the lower solubility of silicate species to form solid products at higher temperature, because the PST-11 sample crystallized at lower temperature has a higher Si/Al ratio than 25 PST-12. Very recently, we have shown that the role of SDAs, especially organic ones, in the CDM synthesis of zeolites varies notably with the crystallization temperature employed, 6d which can also be applied to explain the product change described above.
We have successfully synthesized nanocrystalline PST-11
30
(MEI) and PST-12 (BPH) at 120 and 160 °C, respectively, using the same aluminosilicate solution containing TEA + as a CDM SDA, together with TMA + , Li + and Sr 2+ as crystallization SDAs. The overall characterization results of our work demonstrate that PST-11 and PST-12 syntheses are new examples of forced 35 cooperative structure-direction and of a combination of forced and multiple cooperative structure-directions in the CDM synthesis of zeolites, respectively. The CDM approach is quite useful for directly widening the framework Si/Al ratio range of a particular structure type of zeolites.
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